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We report the discovery of a new spin glass ground state in the transition metal monosilicides 
with the B20 crystallographic structure. Magnetic, transport, neutron and muon investigation of 
the solid solution Mni-^Co^Si have revealed a new dome in the phase diagram with evidence of 
antiferromagnetic interactions. For Mn rich compounds, a sharp decrease of the Curie temperature 
is observed upon Co doping and neutron elastic scattering shows that helimagnetic order of MnSi 
persists up to x = 0.05 with a shortening of the helix period. For higher Co (0.05 < x < 0.90) 
concentrations, the Curie- Weiss temperature changes sign and the system enters a spin glass state 
upon cooling (T g = 9 K for xco = 0.50), due to chemical disorder. In this doping range, a minimum 
appears in the resistivity, attributed to scattering of conduction electron by localized magnetic 
moments. 

PACS numbers: 74.70.Ad, 78.20.Ci, 78.30.-j 



I. INTRODUCTION 

The transition metal monosilicides TM-Si with the B20 
cubic structure (TM=Cr,Mn,Fe,Co) are the object of in- 
tense studies due to their interesting and various mag- 
netic ground states. When increasing the number of elec- 
trons of the transition metal one crosses CrSi, a Pauli 
paramagnet [l|, 0| , MnSi, an itinerant helimagnetic metal 
[H, FeSi, a paramagnetic insulator and CoSi, a dia- 
magnetic metal [H, ujljl- The B20 structure remains sta- 
ble up Coo.65Nio.35Si |7|. NiSi is a diamagnetic metal that 
crystallizes in the B31 orthorhombic structure @, Q. 

If the binary B20 family is already a rich catalog of 
various electronic states, it is made even wider by mixing 
TM atoms to form ternary solid solutions. Fe a; Co( 1 _ ;r )Si 
exhibits itinerant helimagnetic metallic behavior like 
MnSi for 0.4 < x < 0.9 (T c = 60.fi: for x = 0.6) al- 
though the two end-compounds FeSi and CoSi do not 
exhibit any magnetic order [||-[l2| . Doping FeSi with Mn 
has revealed that the unscreened Kondo effect was at the 
origin of non- Fermi liquid behavior [l3j . In this material, 
the Curie- Weiss temperature becomes negative when less 
than 80% of Fe is replaced by Mn. Despite of this ev- 
idence of an antiferromagnetic exchange, no ordering is 
reported. When adding electrons to MnSi by cobalt dop- 
ing, the helimagnetic structure is conserved with a de- 
crease of the helix pitch up to a concentration x = 0.04 
in Mni-^Co^Si For higher cobalt content, magneti- 
zation measurements on the Mni-^Co^Si solid solutions 
have not evidenced any magnetic order above the critical 
concentration x c = 0.06 at which the ferromagnetism is 
suppressed [l5| . 

The aim of this work was to mimic FeSi physical prop- 



erties with Mni-zCo^Si that is isoelectronic for x = 0.5 
and very close regarding its structural parameters. The 
differences between these two materials, evidenced in the 
present work, confirm the failure of a rigid band picture 
to consistently describe the electronic structure of B20 
monosilicides. 

The impressive amount of both experimental and the- 
oretical work done in the past in this field, is far from 
exhausting the exciting resources of TM monosilicides. 
The emerging physics of skyrmions, applied to MnSi and 
Mni-zCo^Si enthuses the scientific community [l6j]. On 
the other hand, new regions of the magnetic phase di- 
agram remain fairly obscure and novel ground states of 
TM-Si have to be unveiled. 

In this paper, a complete characterization is presented 
of transport, magnetic properties as well as neutron 
diffraction and muon spin relaxation measurements, of 
the solid solutions Mni-^Co^Si . We report the discov- 
ery of a new spin glass (SG) state. Spin freezing as well 
as a "metal-insulator" transition, are attributed to the 
formation of localized magnetic moment resulting from 
chemical disorder. 



II. SAMPLE PREPARATION AND 
EXPERIMENTAL DETAILS 

Polycrystalline samples were synthesized using a home- 
made arc furnace starting from 4N purity transition 
metals and 6N silicon chunks, mixed in stoichiometric 
amount. Annealing at 900°C for 48 hours in high vac- 
uum (about 5 x 10~ 7 mbar) is necessary to improve 
the crystalline quality and chemical homogeneity of the 
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solid solutions. For magnetoresistance (MR) and neutron 
diffraction measurements, single crystals were grown by 
the Czochralski pulling from a levitating melt under 3 
bar of argon. 

X-ray powder diffraction (XRD) was performed in a 
Philips PW1820 diffractometer using the copper K a ra- 
diation (A = 1.5406 A). The XRD spectra were analyzed 
with a full pattern profile refinement method using the 
Fullprof program suite [l7|. DC magnetic susceptibil- 
ity and magnetization data were obtained with a Quan- 
tum design Magnetic Property Measurement System 
(MPMS2) with a squid magnetometer. AC-susceptibility 
measurements were carried out in a Quantum Design 
Physical Property Measurement System (PPMS) with an 
ac excitation field H = 1 Oe for a set of four frequencies 
from 10 Hz to 10 kHz. Electrical magnetoresistance was 
measured using a standard DC four-probe setup. 

Muon-spin spin relaxation experiments (/iSR) were 
performed on GPS (down to 2 K) and LTF (down to 
50 mK) instruments at the Swiss Muon Source (S/xS) 
and single-crystal neutron-diffraction on TASP (triple- 
axis spectrometer [18|) instruments at SINQ (both fa- 
cilities located at the Paul Scherrer Institute, Villigen, 
Switzerland). The reported ^SR data were obtained in 
a longitudinal field of 5 mT to quench the depolarization 
from the 55 Mn nuclear magnetic moments. 
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III. RESULTS AND DISCUSSION 

The magnetic phase diagram is presented in Fig. [T] 
The ordering temperature of the various magnetic ground 
states that have been observed in the family of B20 sili- 
cides is plotted as the function of the number of electrons 
in the external shell. 

In addition to the Fei-^CoajSi solid solution (region 
III in Fig. [TJ) and pure MnSi, helimagnetism is also ob- 
served in a narrow part of the phase diagram close to 
MnSi (region I in Fig. [1]). The doping- induced decrease 
of the ordering temperature of MnSi does not depend on 
the transition metal used as a doping element but only 
on the number of electrons added to (Co, Ni, Fe) or re- 
moved from (Cr) the system. Neutron diffraction reveals 
magnetic satellites below Tq (Fig. H]b)) along the [111] 
direction, indicating that the helimagnetic order is pre- 
served with an helix period that decreases with increa sing 
cobalt content (Fig. [2] a)). Both hydrostatic pressure fl9j ] 
and Mn chemical substitution [lj, H(| in MnSi, shrink 
the lattice and reduce the helix pitch by a comparable 
amount. Our result for Mno.g44Coo.o56Si with an helix 
wavelength A = 112 A for a lattice parameter reduction 
of 0.8% are consistent with previous reports (Fig. [2] a)). 

Despite different trends in the two experimental 
curves (A = f(P) and A = f(x)) (maybe due to disorder, 
electron doping in Mni-^Co^Si , uncertainty of the 
applied pressure or intrinsic error bars) the shortening 
of the helix is the signature of a smooth transition 
of magnetic exchange from a positive to a negative 



FIG. 1: (color online) a) Magnetic ordering temperatures of 
monosilicides. b) Expended scale of the region around x = 
0.05 of the magnetic phase diagram. The dashed vertical 
line indicates the concentration of the helimagnetic-spin glass 
transition found in Mni-xCo^Si in this work. 
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FIG. 2: (color online) a) Evolution of the length of the helix 
as a function of the relative lattice parameter in the case of 
hydrostatic pressure on MnSi [l9l ] and chemical substitution 
of Mn with Co [13] ■ b) Neutron intensity color map taken at 
1.8 K in the vicinity of the (110) nuclear Bragg peak showing 
the magnetic satellites of the helimagnetic structure along the 
[111] direction. 
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value that progressively drives the system in a more 
antiferromagnetic configuration. Because of the very low 
symmetry of the Mn site and its high coordination (3 
different distances of the 7 first neighbors) , the exchange 
is very sensitive to displacive and chemical disorder. 
Recently, Manyala et al. showed that, by doping MnSi 
with iron, the Curie- Weiss temperature was switched 
from positive (x < 0.2 in Mni-^Fe^Si ) to negative 
values, suggesting an antiferromagnetic exchange [13j . 

In the composition range of region I of Fig. [TJ the tem- 
perature dependence of the resistivity evolves in a similar 
manner as a function of cobalt doping and external pres- 
sure. Figure [3] a) shows a comparison of the temperature 
dependence of the resistivity of Mno.944Coo.o56Si (blue 
solid curve) with the one of MnSi 21] (red dashed curve] 
and MnSi under an hydrostatic pressure of 12.9 kbar [22[ 
(green dotted curve). Our experimental data have been 
scaled as the scattering caused by disorder as well as the 
residual resistivity are slightly larger than those of MnSi. 

In the same composition range, a negative magnetore- 
sistance (Fig.[3]b)) with a minimum at T c was measured, 
very similar to previous reports on MnSi 2lj. 
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FIG. 3: (color online) a) Comparison of the temperature de- 
pendence of the resistivity of MnSi 21] (red dashed curve), 
Mno.944Coo.o56Si (blue solid curve) and MnSi at P = 12.9 
kbar [S^] (green dotted curve). b)-c) relative magnetoresis- 
tance Ap/po and resistivity p(T) for Mno.944Coo.056 Si. Mag- 
netic field values are given in the figure. 

When 6 at.% of cobalt substitution for manganese is 
performed, the system does not exhibit ferromagnetic 
ordering down to 100 mK. When the cobalt content is 
further increased, the magnetic susceptibility exhibits a 
transition, visible as a peak and marked by a dashed 
dotted line for three different compositions in Fig. |4] a) . 
The transition temperatures, as reported in Fig. [U are 
defined as the onset of field-cooled/zero-field-cooled irre- 
versibility. At temperatures below the transition, a weak 
hysteresis loop with a coercitive field of 50 Oe is observed 
(see Fig. H]b) and neither satellites nor evidence of long 
range order were detected using neutron diffraction. 
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FIG. 4: (color online) a) Temperature dependence of the zero 
field cooled (ZFC) (full symbols) and field cooled (FC) (open 
symbols) DC magnetic susceptibility for three different com- 
positions of Mni-^Co^Si [x — 0.1, x — 0.5 and x = 0.8). 
The temperature of the magnetic transition is indicated as a 
vertical dash-dotted line as the FC and ZFC curves start to 
overlap, b) Hysteresis loop for the sample Mno.5Coo.5Si at 
5K. The field sequence is numbered. 



All these experimental results exclude long range mag- 
netic ordering in Mni-^Co^Si for x > 0.06, and already 
hint at the formation of a spin glass (SG) over the whole 
range of region II in Fig. [TJ 

When 9cw > 0, the system may exhibit a ferro- 
magnetic state as illustrated by many experimental 
exemples. When Qcw < 0, the system balances between 
a standard antiferromagnetic long range order and a 
SG state. Shell et al. noted that SG behavior can 
be observed as far as &cw — -2.5 x T 9 . Over the 
whole range of composition, the material exhibits pure 
Curie- Weiss behavior only for very small cobalt doping 
and around x = 0.50, where dew — — 9 K. For this 



composition, the ratio 9cw/T g 



T is close to that 



reported for disordered antiferromagnetic spin glass 
(Cu 3 Pt) (1 _ :c) Mn :c [H. 

The freezing of magnetic moments below the SG tran- 
sition temperature T g implies a frequency dependent 
peak in the AC susceptibility. Figure [5] shows the tem- 
perature dependence of the AC magnetic susceptibilities 
for x = 0.23 and x = 0.50 in Mni^Co^Si . 

The temperature dependence of the in-phase compo- 
nent (x') obtained at the lowest frequency (10 Hz) shows 
a peak at T g = 5.73 K and T g = 9.65 K for x = 0.23 and 
x = 0.50, respectively. The inverse of T g varies linearly 
with the log of the freq uency as typically reported for 
metallic spin glasses [2J] (Fig. [5]c)). Tholence proposed 
that the ratio A(T g ) / A(Log(F)) is proportional to the 
concentration x of the dopant in CuMn and AgMn spin 
glasses [25j . In the table U we show that this scenario is 
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FIG. 5: (color online) In-phase component of the AC magnetic 
susceptibility for a) Mno.77Coo.23Si and b) Mno.5Coo.5Si at 4 
different frequencies, c) Frequency dependence of the inverse 
of the freezing temperature 1/T g versus log(F). The parame- 
ters of linear fits (dashed lines) are reported on the figure for 
each composition. 
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TABLE I: parameters of the dependence of AT g / ' Alog(F) 
with the cobalt doping in the spin glass. 



supported by our experimental observation and the the 
values of the slopes are consistent with previous reports. 

The SG behavior is also supported by muon spin re- 
laxation experiments. 

In a spin glass systems above its freezing temperature, 
it was shown that the muon polarisation decay can be 
expressed by a stretched exponential function of the form: 



(1) 



where A^ is the muon depolarization rate. For temper- 
atures much higher than T g (T > 4 x T g ), i.e. when 
the system is in a conventional paramagnetic state, one 
observes j3 = 1, indicating that the muon senses rapidly 
fluctuating fields. Upon decreasing the temperature to- 
wards T g one observes fi < 1. Two limits are usually 
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FIG. 6: (color online) temperature dependence of the power 
j3 in eq. [Tjfbr Mni-zCo^Si samples with x — 0.06, x — 0.23 
and x = 0.50 on a reduced temperature scale. The value goes 



from j3 = 1 above T g (paramagnetism) to /3 
cooling. 



at T g upon 



discussed, corresponding either: i) to a situation where 
the coupling between the muons and the local spins has 
a given distribution, but the local spins have a unique 
relaxation time at each temperature (in this case one ob- 
tains /3 = 5 or ii) to the so-called concentrated 
limit, where one assumes an (ideally) unique value for 
the coupling constant, but a distribution of local spins 
relaxation time (here a limit /3 = | is observed [271)). 
For our systems, the temperature dependence of j3 for 
x = 0.06 and x = 0.5 is plotted as a function of the 
reduced temperature T/T g in Fig. [6l 

We clearly see the limit /3 = | at T g and the value of 
/3 = 1 reached at a temperature T ~ 2 x T g . The eval- 
uation of the temperature evolution of the /? parameter 
was only possible for x — 0.50 and for a few tempera- 
tures above T g for x — 0.06 samples where the A value is 
sufficiently large to keep the fit reliable. Nevertheless, for 
x = 0.23 the value of /3 just above T g is 0.5. This exper- 
imental fact points to a rather wide distribution of local 
magnetic environments for the implanted muons, which 
is online with the rather high substitution of manganese 
by cobalt in our systems. 

When discussing the /zSR measurements below T g , the 
observation of a j3 = | parameter leads us to naturally 
assume the analytical expression for the muon spin re- 
laxation function G z (t) proposed by Uemura et al. 261 ]: 



exp( - y/Xdt + a 2 s t 2 ) 



(2) 
(3) 

(4) 



where a s and a<j represent respectively the average am- 
plitudes of the static and dynamic random local field at 
the muon site. The full field a at the muon site can be 
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FIG. 7: (color online) (Left axis): temperature dependence 
of the static field (a s ) below the spin glass transition T g from 
the fit of muon spin relaxation signal with Eq. [2] for cobalt 
concentrations x = 0.06 (green symbols), x — 0.23 (blue sym- 
bols) and x = 0.50 (red symbols). T g is indicated as vertical 
dash-dotted lines. (Right axis): temperature evolution above 
T g of the depolarization rate (Ad) from Eq.[T] 



expressed as: 



(5) 



Note that the Eq. [TJ with P — \ represents the limiting 
case of Eq. [2] when a s = 0. The parameter a s exhibits 
nonzero values only below T g , i.e. signaling the occur- 
rence of a static field at the muon site. The tempera- 
ture evolution of the static field below T g for 3 differ- 
ent compositions (x = 0.06, x = 0.23 and x — 0.50 in 
Mni^CozSi ) is shown in the left panel of the Fig. [7] 
Note also that the fits provide values of ad rather small 
for each cases. It is worthwhile to note that the limit of 
Eq. [2] when ad = is the so-called Lorentz Kubo-Toyabe 
function [28j, which is valid in the case of strongly dis- 
ordered static magnetism. A posteriori, this observation 
constitutes an additional argument for the validity of the 
wide distribution of coupling between muons and local 
spins observed in the dynamical regime. 

With the knowledge acquired in the static regime, we 
discuss now the temperature dependence of the muon de- 
polarization rate in the dynamical regime, which diverges 
when approaching T a from higher temperatures due to 
critical fluctuations 29] . The correlation time r c = 1/v 
of the magnetic moments at the muon site can be deduced 
from Xd using Eq. [3] and assuming that the value of the 
fluctuating field above T g correspond to the extrapolated 
limit of the static field in the SG state (in other words 
a d {T > T g ) = a s (T -> 0); corresponding to a d = 12 MHz 



for x = 0.06, a d = 32 MHz for x = 0.23 and a d = 48 MHz 
for x = 0.5). Assuming also that r c = r [T/(T - T g )} 2 
[30| . the temperature evolution of A^ follows: 



X d = 4a d r 



T 



T -T„ 



(6) 



with t = 3.77 -lO" 18 sfon = 0.23 and t = 3.81 • 10~ 18 
s for x — 0.5. It is visible on Fig. [7] that X d does not 
exhibit a divergence at T g for x = 0.06, concentration 
close to the limit of existence of the spin glass state. 

In the composition range of the SG state, the resis- 
tivity exhibits a non monotonic temperature dependence 
(Fig. [8] a)) with an minimum that scales with the freezing 
temperature T g as T upturn ~ 2.4 x T g ) (Fig. [5]c)). 
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FIG. 8: (color online) Temperature dependence of a) the 
resistivity p b) the relative magnetoresistance Ap/po for 
Mno.5Coo.5Si. Magnetic fields are given in the figure, c) Tem- 
perature dependence of T g and the temperature of the upturn 
of resistivity. The dashed line corresponds to the formula of 
magnetic "disorder resistivity" defined in the text [34| . 

In magnetic systems with antifcrromagnetic exchange, 
such a "metal-insulator" transition could be ascribed to 
the onset of the Kondo effect. The absolute value of 
the magnetoresistance is very small (less than 1%) and 
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presents two distinct behaviors. At high temperature, a 
positive magnetoresistance could be attributed to stan- 
dard Kohler contribution or quantum interference effects 
as pointed out by Manyala et al. on Fei-^Co^Si [To| . 
At low temperature, the magnetoresistance exhibits a 
crossover due to a neg ative contribution as usually seen 
in Kondo systems [311 ] - 

In the scheme of a spin-^ Kondo model, the mag- 
netoresistance should be much larger than what is ob- 
served here. Indeed, a modest field usually suppresses 
the Kondo effect and should give rise to a magnetoresis- 
tance of about 65%. Moreover, a pair (or a cluster) of 
magnetic impurities very close to each other, will inter- 
act in such a way that the pair (or the cluster), viewed 
as a single entity, will have a lower Kondo temperature 
than a single impurity |32| . In a highly concentrated al- 
loys like Mni-^CozSi , the number of magnetic clusters 
increases with doping thus lowering the effective Kondo 
temperature. The freezing of the effective moments can 
then occur only when the Tk is driven to zero. This is in 
contradiction with the fact that the upturn in resistivity 
is not affected by the spin glass formation, and that its 
maximum temperature is obtained at large doping. 

Although we cannot completely exclude Kondo effect 
in small volumes, where it is favored by a random chem- 
ical environment of the transition metal, it cannot be 
responsible for the upward deviation of the resistivity. 

A minimum in the resistivity necessarily requires a 
temperature dependent scattering rate. In the early 
60's, Dekker 33[ proposed a model for the resistivity 
in a binary alloy. The magnetic disorder due to the 
random distribution of two atoms (A and B) with 
different electronic structures adds a concentration 
dependent term in the expression of the resistivity. 
The sign of this correction depends on the sign of the 
exchange interaction (positive or neg ative for AFM or 
FM exchange, respectively) [H, l34j . This "disorder 
resistivity" , proportional to x{l — x) (where x and (1 — x) 
are the respective concentrations of A and B ions), has 
a maximum for x = 0.5. Indeed, the enhancement of the 
resistivity due to this extra term has been found to be 
maximum in Mni-^Co^Si for x = 0.55. The composition 
dependent T up t U rn varies accordingly (dashed curve in 
Fig. [8]c). The fact that the maximum is slightly shifted 
away from x — 0.5 probably reveals the asymmetry of 
the density of states around the Fermi level. 

The scattering centers described above could be 
viewed as virtual bound states undergoing spin fluctu- 
ations (Localized Spin Fluctuations, LSF) as proposed 
by Rivier and Zlatic [35]. Based on the Anderson 
formalism [36], this model was adopted to explain 
resistivity minima in spin glasses like PdCr [37l,RhCo 
[H, RhFe H, (V,Cr)Fe goj], AuV and AlMngll and 
more generally in alloys made of atoms with different 
magnetic moments [42| . 

According to this model, the resistivity has a finite 



limitpo at T = and decreases with increasing tempera- 
ture. The behavior at low temperature is p = po — AT 2 
followed by three crossovers passing trough — T, 1 — ln(T) 
and T . The high temperature p{T) for Mno.94Coo.06Si, 
Mno.5Coo.5Si, CoSi overlap after scaling, indication of a 
similar phonon contribution over the whole composition 
range (Fig. [5]b)). The temperature dependence of the 
"electronic resistivity" of Mno.5Coo.5Si, obtained by 
subtracting the scaled curve of CoSi, is shown in Fig. [9] 
a). The T 2 , T and ln(T) curves clearly reveal the good 
agreement of our experimental data with the model over 
a wide temperature range. The lack of data below 2K 
makes the parabolic temperature dependence ill defined. 
However, Fig. [5] a) shows that the resistivity tends to 
a plateau with a finite value of the resistivity at zero 
temperature of about po ~ 435 p£l cm. This agrees with 
the extrapolation to T — of the parabola of Fig. [9] a) . 
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FIG. 9: a) Temperature dependence of the resistivity of 
Mno.5Coo.5Si. The dotted lines represent the three regions, 
parabolic (fast LSF), linear and logarithmic regimes (slow 
LSF) [35l ]. The contribution of phonons is removed by sub- 
straction of the scaled (s) resistivity of CoSi (b). The scaled 
resistivity curve of Mno.95Coo.05Si is shown as a dash-dotted 
line, c) Resistivity versus the square of the magnetic moment 
per transition metal atomic site at T = 5 K. 
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When cobalt substitutes for manganese in 
Mni_ x Co x Si , electrons are added to the system 
(2e~~ per formula unit) and deeper potential wells are 
randomly distributed on the transition metal sublattice. 
Upon cooling, this potential grid can trap electrons and 
because of the Hund rules and Coulomb repulsion, a 
local magnetic moment is formed. A similar approach 
was chosen by J. Mathon, who proposed a Hubbard 
based model to describe the creation of local magnetic 
moments and the formation of the spin glass state in 
an itinerant isoelectronic alloy, in the presence of an 
antiferromagnetic exchange [43| . 

Applying a magnetic field to the system tends to de- 
crease the magnetic disorder, reducing its contribution 
to scattering, thus resulting in a negative magnetore- 
sistance (Fig. [8] b)). The complete surpression of the 
"magnetic disorder resistivity" term should be achieved 
when the magnetic moments are frozen along the ap- 
plied field direction. In this situations, the absence of 
magnetic fluctuations should give a magnetization cor- 
responding to that expected for the Curie- Weiss effec- 
tive moment. Since the scattering does not depend on 
the sign of the magnetic moment, the simplest m de- 
pendence is quadratic. Thus Fig. [§] c) shows a plot of 
the resistivity versus the square of the magnetic moment 
per transition metal atomic site, measured at 5 K. The 
fit equation is given in the figure. According to this ex- 
pression, the value of the magnetic moment that would 
suppress magnetic disorder (p = p res as defined in Fig. [5] 
b) is m ~ 1.97 ^b)- This value is close to the Curie- Weiss 
value for Mno.5Coo.5Si (fi = 1.78 fin)- 

One goal of this study was to establish similarities in 
electronic structures of isoelectronic TM monosilicides. 
In this picture, Mno.5Coo.5Si was supposed to be equiv- 



alent to FeSi and thus to exhibit similar semiconducting 
behaviors. From an unified model explaining the forma- 
tion of local moment in MnSi and FeSi [44[ , the origin of 
the gap in FeSi could be viewed as an ultimate signature 
of the localization effects described above [45( . 



IV. CONCLUSION 

We report the presence of a spin glass state in 
Mni-^Co^Si for a wide composition range from x = 0.05 
to x = 1. This new ground state is the first example of 
an antiferromagnetic-like order in a magnetic transition 
metal monosilicides. Upon cooling, randomly distributed 
localized magnetic moments form due to chemical disor- 
der. They scatter the remaining conduction electrons, 
resulting in an upturn in the resistivity. When the con- 
centration of localized magnetic moment is sufficiently 
large, the SG forms. The discovery of such a new ground 
state shows the high interest in studying ternary solid 
solutions of transition metal monosilicides. 
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